Quantifying the adjustments of leaf respiration in response to seasonal temperature variation and climate warming is crucial because carbon loss from vegetation is a large but uncertain part of the global carbon cycle. We grew fast-growing Eucalyptus globulus Labill. trees exposed to +3°C warming and elevated CO 2 in 10-m tall whole-tree chambers and measured the temperature responses of leaf mitochondrial respiration, both in light (R Light ) and in darkness (R Dark ), over a 20-40°C temperature range and during two different seasons. R Light was assessed using the Laisk method. Respiration rates measured at a standard temperature (25°C -R 25 ) were higher in warm-grown trees and in the warm season, related to higher total leaf nitrogen (N) investment with higher temperatures (both experimental and seasonal), indicating that leaf N concentrations modulated the respiratory capacity to changes in temperature. Once differences in leaf N were accounted for, there were no differences in R 25 but the Q 10 (i.e., short-term temperature sensitivity) was higher in late summer compared with early spring. The variation in R Light between experimental treatments and seasons was positively correlated with carboxylation capacity and photorespiration. R Light was less responsive to short-term changes in temperature than R Dark , as shown by a lower Q 10 in R Light compared with R Dark . The overall light inhibition of R was ∼40%. Our results highlight the dynamic nature of leaf respiration to temperature variation and that the responses of R Light do not simply mirror those of R Dark . Therefore, it is important not to assume that R Light is the same as R Dark in ecosystem models, as doing so may lead to large errors in predicting plant CO 2 release and productivity.
Introduction
Leaf respiration (R) is fundamental to sustaining many metabolic and physiological processes in plant canopies. Although the majority of studies focus on mitochondrial respiration in darkness (R Dark ), it is important to recognize that non-photorespiratory mitochondrial CO 2 release in light (R Light ) is not the same as R Dark , despite the involvement of similar processes and enzymes. Initially it had been thought that R Dark and R Light were similar (Graham 1980) , but subsequently many studies have shown that R Light is often suppressed compared with R Dark (Brooks and Farquhar 1985 , Krömer 1995 , Atkin et al. 2000a , Tcherkez 2006 , Tcherkez et al. 2008 , with the extent to which R is reduced in the light being variable, ranging from 25% to 100% but typically around 30-40% (Villar et al. 1994 , Hurry et al. 2005 , Crous et al. 2012 . Although how light affects leaf R metabolically is not fully understood, recent progress has shown that light-dependent changes in energy demand, tri-carboxylic acid (TCA) cycle intermediates and/or rates of photorespiration may play a role (Vitousek et al. 1997 , Hurry et al. 2005 , Tcherkez et al. 2008 , 2012a . In terms of the TCA cycle, Tcherkez et al. (2009) showed that R Light represented a non-cyclical pathway to accommodate the provision of carbon skeletons and organic acids for nitrogen (N) assimilation during the day, whereas in darkness this process became a true cycle again (i.e., the classic TCA cycle). Such effects can occur over very short timescales, with leaf R being inhibited by light within 50 s ). While there is some evidence that the degree of light inhibition varies seasonally in the field (Crous et al. 2012 , Way et al. 2015a ) and among controlled-environment plants grown under low and high atmospheric CO 2 concentrations (Shapiro et al. 2004 , Ayub et al. 2014 , we know relatively little about how the degree of light inhibition varies in large, fieldgrown trees with respect to daily and seasonal variation in temperature, both in present conditions and in future climates with elevated atmospheric CO 2 and warmer temperatures.
Seasonal variation and altered environmental conditions can affect substrate availability and hence respiration rates in many ecosystem types (Billings et al. 1971 , Way and Sage 2008 , Tjoelker et al. 2009 , Crous et al. 2011 , Rodriguez-Calcerrada et al. 2011 , Slot et al. 2013 , Heskel et al. 2014b ). Most such studies also report some degree of thermal acclimation of R Dark to prevailing growth temperatures. Thermal acclimation results in cold-grown plants exhibiting higher rates of leaf R Dark than their warm-grown counterparts, when rates are measured at a common temperature (e.g., 25°C); acclimation can also result in respiratory homeostasis, with cold-and warm-grown plants exhibiting similar rates when measured at ambient temperatures of each environment (Atkin et al. 2005a) . Consistent with these observations, analysis of a global respiration dataset reported that field rates of R Dark at 25°C were lower near the equator and higher towards the poles . Vanderwel et al. (2015) showed that these spatial patterns were consistent with temporal shifts in respiratory metabolism that occur as a result of thermal acclimation . Whether such patterns are similar for R Light is less clear.
Temperature responses of R Light have only been quantified in a handful of species, most of which were measured during the early stages of plant growth. Where at least four temperatures were measured, these included three Plantago species , Eucalyptus pauciflora (Atkin et al. 2000a , Way et al. 2015a , Spinacia oleracea (Brooks and Farquhar 1985) , Nicotiana tabacum (Bernacchi et al. 2001) , Eucalyptus regnans (Warren 2008) , Picea mariana (Way and Sage 2008) and Oryza species (Scafaro et al. 2012) . Few, if any, have examined R Light temperature responses on large trees in the field. Recently, Way et al. (2015b) attempted to synthesize an average R Light temperature response among species, but there was considerable variation in responses when leaf temperatures exceeded 35°C. Moreover, rates of R Light have been correlated with leaf N concentrations in many species (Tjoelker et al. 1999b , Shapiro et al. 2004 . Hence, seasonal variation in respiration may be linked to seasonal variation in leaf N (Tjoelker et al. 1999b , Lee et al. 2005 , Xu et al. 2007 . Two recent studies reported little acclimation of R Light (when measured at a common temperature) between seasons with different temperatures (Heskel et al. 2014b , Way et al. 2015a , but other studies reported that R Light can thermally acclimate , Crous et al. 2012 ). Hence, further work is needed to understand the responses of R Light over broad temperature ranges, including seasonal responses and its acclimation potential to global warming. This knowledge gap has important consequences for the predicted carbon balance at the ecosystem scale if carbon loss is overestimated (Wohlfahrt et al. 2005 , Mahecha et al. 2010 , Bruhn et al. 2011 , Wehr et al. 2016 .
When scaling leaf respiration to larger scales, it is important that models accurately represent the responses to spatial and temporal temperature variation in order to reliably predict global rates and patterns of plant productivity (Friedlingstein et al. 2006 , Booth et al. 2012 , Huntingford et al. 2012 . Currently, most models assume static temperature responses of respiration roughly doubling with a 10°C rise in temperature, (i.e., Q 10 = 2.0 (Amthor 1984) ). This assumption is likely to be incorrect given that leaf R Dark generally responds to rising temperature (in both the short-and long-term) with a reduction in the Q 10 Tjoelker 2003, Slot and . While this reduction is common (Heskel et al. 2016) , it is not universal (Atkin et al. 2006, Slot and . There is also uncertainty on whether temperature responses of respiration (in both the dark and light) change with warming or seasonally, and how abiotic factors affect the temperature dependence of R Dark and R Light . Whereas elevated CO 2 does not seem to affect the temperature sensitivity of leaf respiration (i.e., Q 10 ), growth temperature, light and water availability can all influence the Q 10 (Atkin et al. 2005a) . Moreover, the Q 10 of R Dark and R Light often differ, with some studies reporting lower Q 10 values in the light than in darkness (Atkin et al. 2005a ), while others report little different or greater Q 10 values in the light (Heskel et al. 2014a , Way et al. 2015a ). The temperature sensitivity of R Dark and R Light also differs among species and studies, ranging from 1.0 to 4.9 (Atkin et al. 2005a ). Given such variability and the importance of respiratory temperature responses for ecosystem carbon balance, there is a need to establish how R Dark and R Light differ in response to temperature variation in order to account for light inhibition in large scale models.
As few studies have assessed whether the temperature sensitivity of R Light varies seasonally under field conditions, there are gaps in our knowledge of how short-and long-term changes in the environment affect leaf respiration. Using unique temperaturecontrolled whole-tree chambers (WTCs), temperature responses of both R Dark and R Light of leaves were measured on large Eucalyptus globulus Labill. trees exposed to elevated CO 2 and/or sustained warming at two different times of the year to characterize seasonal acclimation. We tested the following hypotheses: (H.1) consistent with our understanding of thermal acclimation processes to higher temperatures, warming treatment will reduce respiration rates at 25°C for both R Light and R Dark ; (H.2) if trees acclimate to warming, then the temperature sensitivity (i.e., Q 10 ) of both R Light and R Dark will be lower with higher growth temperatures; and (H.3) R Light is less temperature-sensitive than R Dark via a lower Q 10 in R Light compared with R Dark .
Materials and methods
Site description, plant material and experimental design
The study was conducted at the Hawkesbury Forest Experiment in Richmond, NSW, Australia (33°36′ 40′S, 150°44′ 26.5′E, 30 m above sea level). Measurements were made over two periods: (i) in early March 2011 and (ii) late September to early November (herein 'October') 2011. Richmond, NSW is a subhumid temperate climate with a mean maximum/minimum temperature of 30/17.5°C in January (summer) and 17.5/3.6°C in July (winter) (Bureau of Meteorology, station 067105 in Richmond, NSW Australia; http://www.bom.gov.au/climate/data/). During the study, the daily mean maximum/minimum temperature was 27.1/16.3°C in March and 23.0/10.9°C in October with a maximum/minimum of 32.9/12.0°C in March and 32.7/ 5.2°C in October. Plant material of Tasmanian blue gum (E. globulus) used in this study was originally collected from Cape Otway, Victoria (38°48′S, 143°37′E). In contrast to the experimental site in Richmond, the germplasm had been exposed to more moderate temperatures, with a mean maximum/minimum temperature of 21.4/13.3°C in January (summer) and 13.0/7.5°C in July (winter) (Bureau of Meteorology, station 090015 in Cape Otway, Victoria, Australia). Soils at the experimental site are of low-fertility sandy loam soils (top 70 cm), with low organic matter content (0.7%) and low water holding capacity. There is a partially cemented hard-layer (70-100 cm) and a clay-layer (below 100 cm). Permanent ground-water can be found at a minimum of 15 m depth (Barton et al. 2010) .
Twelve WTCs were randomly allocated to two treatment variables (temperature and elevated CO 2 indicated with T or C, respectively) each with two levels (ambient and elevated, indicated by the subscript A or E, respectively), giving four treatments subsequently represented as T A C A , T E C A , T A C E and T E C E . Elevated CO 2 concentrations tracked ambient [CO 2 ] + 240 ppm, whereas elevated temperatures tracked ambient temperatures +3°C. A full factorial design with three replicates of each treatment was used, with one E. globulus tree planted in each chamber in early December 2010 and grown there until a maximum height of 10 m. The trees were between 2.6 and 4.6 m in March and between 6.4 and 9.3 m height in October 2011 (Quentin et al. 2016) . A technical description of the WTCs can be found in Medhurst et al. (2006) and Barton et al. (2010) . The WTCs were upgraded to improve temperature and humidity control via the addition of stepped 9 kW heaters in all chambers. These heaters were used to regulate the warmed chambers at ambient temperature +3°C. These modifications enabled more precise control of atmospheric humidity within the chambers to allow relative humidity to be controlled to the same value across all treatments including the 3°C warming treatment. The heaters also assisted in temporarily achieving certain target temperatures during the temperature response measurements. A more detailed site and plant description of the E. globulus study can be found in Crous et al. (2013) .
Gas exchange measurements of the temperature response of leaf respiration Leaves were measured at the sixth node pair of a sun-exposed branch, facing north to north-east. Leaves had an initial stomatal conductance of at least 0.2 mol m −2 s − ¹ to ensure sufficiently open stomata at higher temperatures. Gas exchange measurements of leaf respiration were conducted using a LI-6400XT (LiCor Inc., Lincoln, NE, USA) equipped with a 6 cm 2 leaf cuvette 6400-02B LED red and blue light source (665 and 470 nm, respectively). The measurements were made in March and October 2011 at various internal CO 2 levels (C i ) at four temperatures ranging between 20 and 40°C. In March, R Dark was measured at 25°C as well as complete temperature response curves of R Light , whereas in October complete temperature response curves were achieved for both R Dark and R Light . CO 2 response (A-C i ) curves were conducted in the morning at 20°C, when ambient chamber temperatures were close to this temperature, after which subsequent higher chamber target temperatures were set to conduct instantaneous temperature response curves. At least 30 min was given for the chamber volume to adjust to the next temporary temperature target. Chamber target temperatures were set at 2°C lower than the target leaf temperatures, except for the highest leaf temperature where the chamber temperature was set at 35°C. The total heat load on the leaf chamber at that temperature was sufficient to generate leaf temperatures of 40°C. Hence, the whole tree was exposed to a set of target temperatures rather than just one leaf. This technique enabled very precise leaf temperature control during gas exchange measurements and ensured that the humidity in the leaf cuvette of the LI-COR 6400XT reflected the humidity in the WTCs at each temperature. At each temperature, two adjacent leaves per tree were measured: one leaf was used to measure A-C i responses at different light levels to determine respiration in light (R Light ) and the other leaf was used to measure dark-adapted mitochondrial respiration (R Dark ). Previous to the R Dark measurements leaves were dark-adapted in aluminium foil for at least 30 min to avoid the effects of any postillumination transients. There were no significant differences in leaf respiration between the two adjacent leaves (data not shown).
The temperature response of R Light was measured with the Laisk method (Laisk 1977 , Brooks and Farquhar 1985 , Villar et al. 1994 , Peisker and Apel 2001 using chamber temperature settings to assist with leaf temperature control (see above). Flow rates were set at 500 μmol s −1 at the highest photosynthetic photon flux density (PPFD) level (1800 μmol m −2 s −1 ) and 300 μmol s −1 was used for sub-saturating PPFD levels. As the C i saturates earlier at lower light levels, the CO 2 concentrations were adjusted accordingly to maintain at least four points in the linear Rubisco-limited part of the curve (C i <200 μmol mol
−1
). All values were corrected for CO 2 diffusion leaks through the gaskets using the method of Bruhn et al. (2002) (see Figure S1 available as Supplementary Data at Tree Physiology Online). Where multiple sets of Laisk curves were taken, these were averaged per tree before conducting further analyses. R Light was estimated from the intersection point of A-C i response curves of at least three irradiances using a minimum of four points to fit a linear regression at each light level. The convergence point of these three regressions, i.e., the C i -value at the intersection point was an estimate of Γ* (see Figure S1 available as Supplementary Data at Tree Physiology Online), was determined using the sum of squares between all light levels being minimized with Solver in Excel. The corresponding value on the y-axis reflected R Light averaged across all light levels. This method gave very similar results as the recently published slopeintercept regression analyses by Walker and Ort (2015) .
Given that R Light is the rate of CO 2 release in light at an internal CO 2 concentration at which carboxylation equals half the oxygenation based on:
where A is net CO 2 exchange, v c and v o are the rates of carboxylation and oxygenation, respectively. We used diffusion-corrected A net , C i and the temperature response of Γ* to calculate J according to Farquhar and von Caemmerer (1982) , while taking mesophyll conductance (g mes ) into account.
Using J, rates of photosynthetic carboxylation (v c ) and photorespiration (v o ) were calculated at 1800 μmol m −2 s −1 using the following equations:
where R Light values were positive. A finite mesophyll conductance measured on the study trees was used in the calculations of V cmax (the maximum carboxylation rate of Rubisco), and J and hence in v c and v o . A mean value of 0.30 mol m −2 s −1 was used for E. globulus at 25°C (Crous et al. 2013) , and the normalized mesophyll conductance temperature curve for E. regnans (Warren 2008) was then used to calculate V cmax for each appropriate measurement temperature. Given the lack of a species-specific temperature response curve, E. regnans was chosen as a co-occurring species presumed similar to E. globulus in this regard. After the gas exchange measurements, leaves were collected and measured for leaf area and vacuum-dried to determine dry mass and leaf mass per area ratio (LMA). Leaves were ground to a fine homogenous powder in a ball-mill grinder (MM 301, Retsch, Haan, Germany) and analysed for total N concentration using an elemental analyser (EA1108, Fison Instruments, Rodano, Italy).
Fitting of temperature response curves
The temperature response curves of R Light and R Dark were fitted in Sigmaplot 11 (Systat software, Chicago, IL, USA) using both an Arrhenius function and a Q 10 exponential function. The Q 10 parameter represents the factor with which the respiratory rate changes with a 10°C increase in temperature while the R 25 parameter represents respiration rates at 25°C. To calculate leaf R at any given temperature (R T ):
The Arrhenius function was fitted according to:
where E a is the activation energy (J mol −1 ), R is the universal gas constant (8.314 J mol
) and T k is the leaf temperature in Kelvin. The activation energy term E a describes the exponential rise in enzyme activity with an increase in temperature. To assess thermal acclimation of both R Dark and R Light at a given reference temperature, it was necessary to convert respiration rates measured at 28°C in October to 25°C (R 25 ) for both R Dark and R Light to compare with measurements done at 25°C in March. This was done using the above Q 10 equation (Eq. (5)).
Statistical analyses
Data that violated the assumption of normality or homogeneity were log-transformed before statistical analysis. A three-way ANOVA was conducted in JMP (Pro v.12.0, SAS, Cary, NC, USA) for leaf traits, R Dark and R Light with elevated CO 2 , temperature and month to establish seasonal effects ( Table 1 ). Given that most of the warming effects occurred in October, indicated by month × temperature interactions, an additional two-way ANOVA with CO 2 and temperature was conducted for October only (see Table S1 available as Supplementary Data at Tree Physiology Online). There were three replicates for each temperature and CO 2 treatment except for the warmed chambers in March when a heatwave reduced the amount of replicates to two (see Crous et al. 2013 supplementary info) . The use of three replicates is common among most experimental manipulation studies in forests (see Drake et al. 2016a , Oishi et al. 2014 ) and results in modest statistical power. Therefore we only reported results as statistically significant at P < 0.05.
Slope differences in regression relationships were tested via a linear regression using dummy variables, where a significant interaction between leaf temperature and the assigned dummy variable indicated a difference between slopes (Neter et al. 1996) . This principle was also applied to compare treatment effects against the control treatment in Q 10 and Arrhenius functions where individual data across CO 2 treatments (i.e., five to six replicates) were used to test for differences between temperature treatments given the lack of a CO 2 effect on leaf respiration. These analyses were performed in Sigmaplot v.11 (Systat software).
Results

Effects of CO 2 enrichment and warming on leaf traits and respiration
The two seasons compared were March (late summer) and October (Spring) in this Australian study. Month (i.e., season) had a significantly effect on all variables except R Light (Table 1) .
Leaf mass per area was 30% higher in October compared with March (P = 0.001) as LMA progressively increased during the experiment (Crous et al. 2013) . Elevated CO 2 and warming treatments had opposing effects on LMA where elevated CO 2 significantly increased LMA (+22%; P = 0.008) but warming somewhat reduced LMA (-9%; P = 0.046; Table 1 ) across months. Similar to LMA, there was a month effect on massbased leaf N (N mass ) where N mass was on average 59% lower in October (P < 0.0001) compared with March. Lower N mass in winter compared with summer months was also reported in Crous et al. (2013) . Area-based leaf N (N area ) was reduced in October compared with March (-28%; P < 0.0001; Table 2 ), but there was a significant interaction between month × temperature, indicating that N area decreased with warming in March (-16% in T E ; P = 0.0006) but somewhat increased in October (+25% in T E ). N area also showed a significant CO 2 × month interaction (P = 0.0012) where October did not show a CO 2 effect but elevated CO 2 increased N area in March (+27%).
With regard to leaf respiration, average rates of R Dark25 were lower in October compared with March (-32%; P = 0.014) and there was a temperature × month interaction (P = 0.006) where R Dark tended to be reduced by warming in March (-17%) but significantly increased with warming in October (+70%). This Table 1 . Two-way ANOVA with repeated measures for experimental treatment and season (Month) effects on LMA ratio, N mass , N area , R Dark25 (mitochondrial respiration on dark-adapted leaves at 25°C) and R Light25 (mitochondrial respiration measured in the light at 25°C). There were three replicates for each temperature and CO 2 treatment in March and October, except for the warmed chambers in March (n = 2). DF, degrees of freedom; SSQ, sum of squares. Given that adjacent leaves of gas exchange measurements were not statistically different, both leaves were used to test for differences between warming and CO 2 treatments (2 leaves per tree) whereas R Dark and R Light a smaller the sample size (one leaf per tree) was used. F-ratios are indicated as significant in bold with significance levels as follows: *P < 0.05, **P < 0.01, ***P < 0.001. (Table 1) . There were no significant differences in R Light (P = 0.73) or in R Dark (P = 0.22) between CO 2 treatments and no interactions between CO 2 and month were observed (Table 1) . Moreover, no difference was found in the degree of light inhibition with elevated CO 2 (P = 0.76). Thus, given the lack of CO 2 effects on respiration, only month versus warming treatments will be presented using pooled data across CO 2 treatments.
Given significant month × temperature interactions in R Dark and N area and the lack of a warming effect in March on leaf respiration, a two-way ANOVA for CO 2 and temperature treatment effects was conducted for October (see Table S1 available as Supplementary Data at Tree Physiology Online). In October, only LMA and N mass had elevated CO 2 effects (see Table S1 available as Supplementary Data at Tree Physiology Online) but in opposite directions. Leaf mass per area was 26% higher in leaves that developed under elevated CO 2 (P = 0.001) compared with their ambient counterparts (Table 2) . By contrast, leaf N mass decreased with elevated CO 2 (-26%; P = 0.01), but increased in warmed trees (+38%; P = 0.005) compared with nonwarmed trees. Both R Light25 (+26%; P = 0.08) and R Dark25 (+70%; P < 0.0001) were increased with warming when compared at a common temperature in October but were not affected by elevated CO 2 (see Table S1 available as Supplementary Data at Tree Physiology Online). In addition, N area also showed a significant increase with warming (+25% compared with nonwarmed trees; P = 0.032) (see Table S1 available as Supplementary Data at Tree Physiology Online). However, when leaf respiration was expressed on a leaf N basis, neither R Light25 / N nor R Dark25 /N were significantly affected by any treatment.
Thus, while there were no treatment differences for leaf respiration in March for both R Dark and R Light , there was a significant increase of dark respiration with warming while R Light also tended to increase with warming in October (Table 1 and see Table S1 available as Supplementary Data at Tree Physiology Online).
Effects of experimental warming on respiratory capacity (R 25 ) and temperature sensitivity (Q 10 )
Given the importance of the CO 2 compensation point in absence of photorespiration (Γ*) in determining estimates of R Light using the Laisk method, we examined whether the temperature response of Γ* would be different between March and October. The temperature response curve of Γ* in March has been reported in Crous et al. (2013) . Here we re-assessed this temperature response using two additional temperatures (six in total; see Figure S2 available as Supplementary Data at Tree Physiology Online) as measurement temperatures were slightly different in October (20, 28, 35 and 40°C) compared with March (20, 25, 32, 40°C) . A very low value at 20°C in October slightly reduced Γ* 25 compared with March (but not significantly; P = 0.17) and activation energies of the Γ* temperature response functions were similar (P = 0.99; see Figure S2 available as Supplementary Data at Tree Physiology Online). Hence, the resulting temperature function of Γ* did not significantly differ with the one published for E. globulus in Crous et al. (2013) despite differences in growth temperatures and leaf properties (see Figure S2 available as Supplementary Data at Tree Physiology Online).
The higher respiration rates of R Dark and R Light observed in the warmed treatments (T E ) were evaluated in more detail via temperature response curves over the 20-40°C temperature range (Figure 1) . In contrast to our expectations, the temperature response curves of both R Light and R Dark showed higher rates in warmed trees compared with non-warmed trees in October A B Table 3 .
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( Figure 1 ). The parameters of the temperature response functions are reported in Table 3 . For the R Light -temperature relationship in October, R 25 in warmed treatments were 25% higher compared with the non-warmed treatments, although this was not significant (P = 0.075). The activation energies and Q 10 values for R Light were also similar between warmed and non-warmed treatments (P ≥ 0.11) ( Figure 1A , Table 3 ). In contrast to R Light , R Dark had a 71% higher R 25 (P < 0.0001), a 16% lower activation energy (P < 0.0001) and a 12% lower Q 10 (P < 0.0001) in warmed trees compared with non-warmed trees (Table 3) . Thus, the warming treatment had a larger effect on R Dark via changes in both Q 10 and R 25 compared with R Light . Taken together, the short-term temperature sensitivity of R Light (i.e., the Q 10 ) was unaffected by warming, but R Dark showed a significant reduction of E a and Q 10 values with sustained warming. When combining data from all measurement temperatures, there was a strong positive relationship between R Light and R Dark with a slope of 0.69 (going through the origin) or 0.60 (with a small positive intercept), indicating that R Light was generallỹ 30-40% smaller than R Dark (Figure 2 ) regardless of treatment.
Seasonal differences
When comparing the temperature responses of respiration between seasons over a wide temperature range (Figure 1 ), the respiration rate at 25°C (R 25 ) was significantly lower in non-warmed trees (T A ) in October than in March (−22%; P = 0.007), consistent with Table 1 . Moreover, the slope of the temperature response curves was reduced in October compared with March indicated via a reduction in either activation energy (−42%; P < 0.0001) or Q 10 (−32%; P = 0.0003; Table 3 ). While R Light did not respond to 3°C experimental warming, these seasonal changes reflected a larger temperature shift because mean daily temperatures in October were 6°C lower compared with March (from 21 to 15°C in non-warmed trees; see Figure  S3 available as Supplementary Data at Tree Physiology Online). However, R Light was higher in March (late summer) than in Table 3 . Temperature coefficients using 5-6 replicates of individual trees in non-warmed (T A ) and warmed (T E ) treatments in October (given the lack of significant elevated CO 2 effects) for both Arrhenius and exponential Q10 functions using a reference temperature of 25°C for both functions (see Materials and methods section Significance levels are indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001; ns, non-significant (P > 0.1). Tree Physiology Online at http://www.treephys.oxfordjournals.org October (early spring) despite March being the warmer month. Taking differences in leaf N and LMA between months and treatments into account (see Figure S4 available 
Relationship between leaf N and R 25
Given that warming increased N area in October by +25%, higher respiration rates were observed in warmed trees compared with non-warmed trees (Figure 1) . The apparent increased respiration rates with experimental warming could be accounted for via higher leaf N concentrations in warmed trees (Table 2) . There were no effects of warming on R Light and R Dark when rates were expressed on an N-basis (P > 0.1; see Figure S4 available as Supplementary Data at Tree Physiology Online). Moreover, despite a significant CO 2 × month interaction on N area (Table 1) , there also was no effect of elevated CO 2 on R Light /N or R Dark /N at 25°C (see Figure S5 available as Supplementary Data at Tree Physiology Online). Given the lack of warming or elevated CO 2 treatment effects on R Light /N and R Dark /N, we then contrasted the temperature response of light and dark respiration on an N-basis across treatments (Figure 3 , Table 3 ). Both the activation energy and Q 10 were significantly lower for R Light compared with R Dark (P < 0.0001). R 25 was also significantly lower in R Light /N compared with R Dark /N (P < 0.0001), reducing from 0.69 to 0.55 μmol m −2 s −1 (Figure 3 , Table 3 ). Therefore, R Light was less temperature sensitive compared with R Dark both in terms of slope and rates at a reference temperature of 25°C. Nitrogen clearly was an important factor modulating the temperature responses of R Light and R Dark with a significant positive relationship between respiration rates and N area , both for R Light (R 2 = 0.31; Figure 4A ) and R Dark (R 2 = 0.31; Figure 4B ).
Relationships between R Light , photosynthetic capacity and photorespiration
Variation in R Light between seasons and temperature treatments was further examined via relationships with photosynthesis and photorespiration (v o1800 ). Both R Light and R Dark exhibited negative relationships with A net , with a stronger negative relationship in R Dark (R 2 = 0.25; P = 0.0008) compared with R Light (R 2 = 0.09; P = 0.04) (see Figure S6 available as Supplementary Data at Tree Physiology Online). Ratios of R to A were highest at 40°C and steadily decreased with decreasing temperatures, though the decrease was larger for R Dark due to a more negative slope compared with R Light . This effect was consistent with lower R Light25 compared with R Dark25 , as well as lower temperature Table 3 .
A B Figure 4 . Relationship between R Light (A) and R Dark (B) as a function of N area . All respiration measurements in October were converted to rates at 25°C using the appropriate Q 10 (see Materials and methods and Table 3 ) whereas in March respiration was measured at 25°C. The relationship of R Light -N area can be represented via Y = 0.494x + 0.0092 (R 2 = 0.31, P < 0.0001) and the relationship of R Dark -N area is represented via Y = 0.560x + 0.252 (R 2 = 0.31, P < 0.0001).
Tree Physiology Volume 37, 2017 sensitivity for R Light compared with R Dark (Table 3, Figure 3 ). However, low photosynthesis rates (and possible high R/A ratios) at high temperatures may partially be driven by stomatal closure. Therefore, we examined the relationship between R Light and V cmax , the maximum carboxylation rate, which is independent from stomatal closure. In contrast to the weak negative relationship with A net , there was a positive relationship between R Light and V cmax across all temperatures with a slightly stronger relationship in March (R 2 = 0.54; P < 0.0001) compared with October (R 2 = 0.31; P = 0.0001) ( Figure 5 ). This positive relationship is in part driven by the positive relationship between V cmax and N area . The slope of the linear regressions between March and October were significantly different (P = 0.008) even when the outlier was removed (P = 0.046), with a lower slope for October compared with March. To improve our understanding regarding the link between photorespiration and R Light , our study was well-placed to examine how photorespiration changed in a variety of environmental conditions via the rates of carboxylation (v c ) and oxygenation (v o ) of Rubisco. There was a significant positive relationship between R Light and photorespiration, v o1800 (R 2 = 0.38; P < 0.0001), while there was no relationship between R Light and v c1800 (Figure 6 ). The slopes of the linear regressions between the 2 months were not significantly different for the R Light -v o1800 relationship. Note that the positive relationship between R Light and v o1800 does not necessarily prove that these variables are physiologically related across temperatures because each variable independently increases as temperatures rise.
Discussion
Our study evaluated how R Light and R Dark differed in their temperature responses in large field-grown E. globulus trees with treatments of elevated CO 2 (ambient +240 μmol mol −1 ) and warming (+3°C). There was no significant effect of elevated CO 2 on R Light or R Dark , and experimental warming did not result in the expected reductions in respiration rates at a given leaf temperature (25°C) for either R Light or R Dark . Rather, we found that experimental warming and higher seasonal temperatures both increased leaf R at 25°C, with the higher rates being linked to increased total leaf N content in higher temperatures.
Day respiration and its response to CO 2 enrichment
Similar to what was found here, past studies have reported no effect of elevated CO 2 on R Light in Eucalyptus saligna (Crous et al. 2012) , Liquidambar styraciflua (Tissue et al. 2002) , ) was used for the V cmax calculation combined with the temperature response of g mes from Warren (2008) (see Materials and methods). The overall relationship across both months is: R Light = 0.013 V cmax − 0.12 (R 2 = 0.50, P < 0.0001). The relationship between R Light and V cmax in March can be described via R Light = 0.019 V cmax − 1.01 (R 2 = 0.54, P < 0.0001) and in October as R Light = 0.0085 V cmax + 0.31 (R 2 = 0.31, P = 0.0001).
A B Figure 6 . Relationship between R Light and v o1800 (A) and between R Light and v c1800 (B) for March (open triangles) and October (closed circles) where v c and v o represent the rates of carboxylation and oxygenation of Rubisco, respectively, calculated at 1800 μmol m −2 s −1 photon flux density. There was a significant positive linear relationship described by the following function: R Light = −0.15 + 2.96 × v o1800 , R 2 = 0.38, P < 0.0001, whereas there was no significant relationship between R Light and v c1800 .
Tree Physiology Online at http://www.treephys.oxfordjournals.org Glycine max (Ayub et al. 2014) or Populus species (Hovenden 2003) . While one study reported higher R Light under elevated than ambient CO 2 (Shapiro et al. 2004) , overall the emerging pattern is that growth under elevated CO 2 has minimal or no effect on rates of leaf respiration taking place in the light. Although this pattern is consistent with a lack of elevated CO 2 effects on dark respiration (Amthor 2000) , the degree of light inhibition is not necessarily affected in a similar way. In the few studies investigating the effect of elevated CO 2 on the degree of light inhibition, a lower degree of light inhibition with elevated CO 2 was reported by Pärnik and Keerberg (2007) using an isotopic method, as well as by Shapiro et al. (2004) and Wang et al. (2001) , both using the Kok method. Also using the Kok method, Ayub et al. (2014) and Griffin and Turnbull (2013) reported an increase in the degree of light inhibition with elevated CO 2 , while no CO 2 effect on the degree of light inhibition was found in Ayub et al. (2011) and Haworth et al. (2016) using the Kok method and in our study using the Laisk method. However, the different methods used to estimate R Light make it difficult to compare the CO 2 response given the different assumptions used in each method (Yin et al. 2011) . Because changes in CO 2 concentration could influence v o rates and alter the degree of light inhibition, it is possible to obtain different R Light estimates from the Kok and Laisk methods given the shortterm differences in CO 2 concentrations used in the two methods. However, Villar et al. (1994) showed that R Light estimates were similar between the Kok and Laisk methods. While more work is needed to compare the different methods (especially between the Kok and Laisk methods) to estimate R Light , it is clear that the extent to which light suppression may be dependent on CO 2 concentration can only be concluded once the mechanism behind suppression of respiration in the light is better understood. This remains an area of continued investigation.
Changes in respiratory capacity were modulated by leaf nitrogen
Rates of leaf dark respiration are often correlated with variation in leaf N concentration across diverse taxa and environments (Ryan 1995 , Burton et al. 2002 , 2008 , Tjoelker et al. 2005 , Wright et al. 2006 . Seasonal changes in N throughout the year have been reported in past studies (Tjoelker et al. 1999b , Weih and Karlsson 2001 , Lee et al. 2005 and have been linked to seasonal change in dark respiration rates. Leaf N concentrations in our study were broadly similar to those observed in commercial stands of E. globulus at a similar age (Turnbull et al. 2007 ). We observed a clear link between seasonal variation in leaf respiration and N investment (Figures 3 and 4) . Seasonal differences in respiratory capacity were related to differences in leaf N, with March having 28% higher N area compared with October (early spring; Table 2, Figure 4) , and commensurate 32% higher R 25 in late summer (March). Moreover, leaves from warmed trees in October also had higher leaf N concentrations compared with non-warmed trees. Consistent with the seasonal response, experimental warming appeared to increase respiration rates in warmed trees compared with non-warmed trees across a wide range of temperatures (Figure 1, Table 3 ). When N-investment was accounted for, this effect of warming on respiration disappeared (both in darkness and in the light) (see Figure S4 available as Supplementary Data at Tree Physiology Online). Therefore, we argue that increased respiration rates in response to warming or warmer seasonal temperatures were modulated by variation in N content, likely via changes in enzymatic capacity of respiration, such as increased leaf protein content. Increased enzymatic capacity could occur from an increase in the amount of mitochondria and/or via an increase in leaf N concentration , Tissue et al. 2002 . Respiratory capacity could be boosted to support increased growth and photosynthesis in warmed E. globulus trees as increased leaf N also supported the upregulation of electron transport in photosynthesis observed in August (Crous et al. 2013) and October (Sharwood et al. 2017) . Moreover, there was a strong relationship between photosynthetic capacity and R Light , ( Figure 5 ). Thus, leaf N modulated increased respiratory capacity when trees were exposed to warmer temperatures (both experimental and seasonal warming), likely supporting increased energy demand for photosynthesis and growth.
Acclimation of leaf respiration to warming
Thermal acclimation of respiration is defined as the adjustment of respiration rates to sustained changes in temperature over time. In most studies, thermal acclimation of respiration to increased growth temperatures is indicated as reduced respiration rates in plants grown under sustained warming (Atkin and Tjoelker 2003 , Atkin et al. 2005b , Crous et al. 2011 , with lower R 25 being observed irrespective of whether rates are expressed on a per unit mass, area or N basis (e.g., Atkin et al. 2008) . However, the capacity to acclimate differs among species (Loveys et al. 2003) , even among species within the same genus but growing in contrasting environments (Tjoelker et al. 1999a , Long et al. 2004 , Drake et al. 2015 . Many studies have reported thermal acclimation of dark respiration at a given temperature across seasons (O'Grady et al. 2010 , Crous et al. 2012 , Slot et al. 2014 , Vanderwel et al. 2015 , Aspinwall et al. 2016 , but the degree of thermal acclimation in R Light is less clear and perhaps smaller than R Dark when R Light is less temperature sensitive compared with R Dark (Atkin et al. 2000a . In our study thermal acclimation was strongly underpinned by changes in leaf N, resulting in increased respiration rates with warming in E. globulus when grown outside its native range. Growing in a warmer climate may have evoked physiological changes to enhance growth and metabolism, particularly via an increased investment in leaf N to take advantage of warmer temperatures and a longer growing season compared with conditions in its native range. Therefore, leaf N investment may have masked any potential downward acclimation responses that might have otherwise occurred with experimental warming.
At the outset of our study, we expected that seasonal acclimation of respiration would result in R 25 rates being higher in cooler months compared with warmer months. On an N-basis, R 25 was higher in the cooler October month (0.55 μmol m −2 s −1
) compared with March (0.42 μmol m −2 s −1 ; Table 3 ; P = 0.013). The same species also showed seasonal changes in respiratory capacity (R 15 ) when grown in its native range (O'Grady et al. 2010) , resulting in higher dark respiration rates during cooler months. Another species studied in its native range (E. saligna) exhibited reduced rates of R Dark in summer (January/February) versus spring (Crous et al. 2011) , although this trend was less clear for R Light (Crous et al. 2012 ). Our study demonstrated higher area-based rates of R Light25 in the warmer treatment and season (i.e., the opposite to expected thermal acclimation responses), reflecting thermal acclimation via increased leaf N. This suggests that thermal acclimation does not always imply reduced rates of respiration in response to high growth temperatures. Despite thermal acclimation in our study being in the opposite direction of the expected reduced respiration rates with warming, the direction of thermal acclimation was similar between seasonal responses and responses to experimental warming. The consistency in direction of thermal acclimation between seasonal and experimental warming was also found in Aspinwall et al. (2016) and Reich et al. (2016) . This convergent acclimation can be important for adjusting both photosynthetic and respiration metabolism to different growing conditions in a coordinated manner, demonstrated in E. globulus via both increased photosynthesis and respiration with warming in October (Sharwood et al. 2017 ; this study).
Temperature sensitivity of R Light versus R Dark
Temperature response curves at different growth temperatures can reflect changes in enzyme capacity, substrate supply and/or respiratory products (Hoefnagel et al. 1998) . Comparing the temperature responses of R Light and R Dark across all treatments, both rates at 25°C and the activation energy/Q 10 were significantly higher for R Dark compared with R Light (Figure 3 , Table 3 ). These different responses between R Light and R Dark are in line with previous findings that R Light is less temperature-sensitive than R Dark (Atkin et al. 2005a ). While reduced temperature sensitivity of R Light compared with R Dark might be the more general trend across species, there is also large variation in Q 10 across studies (Atkin et al. 2005a, Slot and . This variation in Q 10 reflects differences among species, elicited by differences in plant growth rates and measurement conditions such as growth irradiance, growth temperature and water status (Atkin et al. 2000b , 2006 , Wright et al. 2006 , Way and Sage 2008 , Crous et al. 2012 ). However, how much the Q 10 of R Light varies seasonally under field conditions is currently not known. Heskel et al. (2014b) found no seasonal changes in Q 10 in two arctic species including a small tree. Similarly, Way et al. (2015a) also found no seasonal variation in Q 10 of R Light in E. pauciflora despite evidence of fundamental shifts in metabolic processes controlling the degree of light inhibition. Both of these studies measured saplings of slow-growing species. By contrast, our study measured the effects in large trees of a fast-growing species, which may have a larger acclimation capacity compared with slower growing species , Campbell et al. 2007 . Whereas the Q 10 of R Dark decreased with warming in our study, the Q 10 of R Light did not significantly change to +3°C warming, but was higher in March with 6°C warmer compared with October (Table 3 and see Figure S3 available as Supplementary Data at Tree Physiology Online). This was in contrast to our second hypothesis that Q 10 would be lower in seasons with higher daily mean temperatures. The seasonal increase in Q 10 in late summer compared with spring (October) may reflect higher substrate availability/less adenylate restriction in the warm conditions of late summer (Atkin and Tjoelker 2003) . Hence this is the first study to show a large seasonal response in Q 10 (of R Light ) in a fast-growing tree species. These seasonal acclimation responses can strongly affect annual assessments of plant CO 2 release back to the atmosphere , Drake et al. 2016b . There is clearly a further need to assess the temperature sensitivity of R Light and its responses to changing environmental conditions. Doing so can greatly inform models of photosynthesis, which intrinsically rely on properly estimating R Light during the photoperiod (De Kauwe et al. 2016 ).
Light inhibition of respiration and the link to photorespiration
Given that R Dark was higher than R Light in warmed trees at any temperature (Figures 1 and 3) , light inhibited leaf R by 30-40% (Figure 2 ) across treatments and measurement temperatures, despite large variation in individual measurements. Although the exact mechanism underpinning the light-inhibition of respiration is still to be clarified, advances by Tcherkez et al. (2009) show that truncation of the TCA cycle (due to export of citrate from the mitochondria) might have a role in the light-inhibition of respiration and possibly also photorespiration-dependent inactivation of the pyruvate dehydrogenase complex (Gemel and Randall 1992, Tcherkez et al. 2012a ). Photorespiratory glycine is a substrate for mitochondrial respiration in the light (Krömer 1995) and this glycine amount is partially determined by the rate of photorespiration in the chloroplast stroma (Hurry et al. 2005) . Tcherkez et al. (2012b) suggested that glutamic acid yielding to glycine in the peroxisome may increase the amino demand under photorespiratory conditions, linking N metabolism with photorespiration and R Light . This is supported by our study where we observed a positive relationship between photorespiration (v o1800 ) and R Light regardless of temperature and treatments
Tree Physiology Online at http://www.treephys.oxfordjournals.org (Figure 6 ). This is consistent with findings in previous studies both at saturating light and subsaturating light (Crous et al. 2012 , Ayub et al. 2014 . Hence, R Light increased with photorespiration as a result of increased demand for TCA cycle substrates associated with the recovery of the photorespiratory cycle in the peroxisome. We suggest that positive links among R Light , leaf N and photorespiration merit further study in other species.
Conclusions
Thermal acclimation of respiration can be an important regulator of terrestrial ecosystem responses. We found that thermal acclimation of leaf respiration in E. globulus both in R Dark and R Light was underpinned by changes in leaf N concentration. Extra investment of leaf N in elevated growth temperatures resulted in higher respiration rates (R 25 ) with warming (rejecting H.1) as well as during the warmer season, but these effects disappeared if expressing respiration rates on an N-basis. Q 10 was reduced with warming in R Dark but not in R Light . There were seasonal responses in Q 10 of R Light in the fast-growing E. globulus (rejecting H.2). Rates of R Light were lower compared with R Dark at all temperatures and the overall light inhibition of respiration was 40%. The temperature response of R Light was less sensitive than R Dark , indicated via a lower Q 10 (supporting H.3). Given that R Light is likely intrinsically related to N and carbon assimilation in the leaf (Tcherkez et al. 2012a) , at larger scales it is important to examine the impact of environmental variation on R Light and daily carbon gain (Wehr et al. 2016 ), particularly because rates of R Light are not equal to R Dark rates (Farquhar et al. 1980 , Graham 1980 , Weerasinghe et al. 2014 , and hence CO 2 release may be overestimated during the day and during certain seasons. Failure to account for environmentdependent variation in R Light , such as those reported in our study, is likely to lead to large errors in ecosystem level rates of R and primary productivity (Reichstein et al. 2005 , Wohlfahrt et al. 2005 , Davidson et al. 2006 , Mahecha et al. 2010 ).
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